Background
==========

The well-known Diabetes Control and Complications Trials (DCCT) and United Kingdom Prospective Diabetic Studies (UKPDS) have established glycosylated hemoglobin (HbA~1c~) as a standard measure of average glucose control because of its strong correlation with the development of diabetes-related complications. However, in both basic and clinical studies in recent years, glycemic variability has become increasingly recognized as a risk factor for chronic diabetes complications. Evidence is accumulating that high levels of glycemic variability have deleterious effects beyond those of sustained chronic hyperglycemia in terms of oxidative stress, diabetes complications, and cardiovascular outcomes \[[@b1-medscimonit-17-1-cr9]--[@b6-medscimonit-17-1-cr9]\], although some contradictory reports also exist \[[@b7-medscimonit-17-1-cr9]\]. Low levels of glycemic variability are therefore recommended as a component of overall glycemic control \[[@b8-medscimonit-17-1-cr9]--[@b11-medscimonit-17-1-cr9]\]. Currently, efforts to reduce glycemic variability are largely frustrated by the lack of reference values \[[@b11-medscimonit-17-1-cr9]\]. In our previous multi-center studies, we established normal reference ranges for continuous blood glucose parameters (the 24-h mean blood glucose and the percentage of time that subjects' blood glucose levels were ≥7.8 mmol/L and ≤3.9 mmol/L within 24 h) through analysis of continuous glucose monitoring (CGM) data obtained from healthy Chinese adults \[[@b12-medscimonit-17-1-cr9]\]. The current paper reports on further analyses on these data, aiming to generate reference ranges for glycemic variability in normal Chinese adults, which may facilitate clinical adoption.

Material and Methods
====================

A total of 445 (out of 588 screened subjects) healthy subjects without related metabolic disorders were enrolled from 10 academic hospitals in China between October 2007 and July 2008. The inclusion/exclusion criteria and study methods have been described in detail in previous publication \[[@b10-medscimonit-17-1-cr9]\]. The inclusion criteria were the following: 1) clinically stable condition with no previous medical history of diabetes, hypertension, dyslipidemia, coronary artery diseases or cerebral stroke; 2) fasting plasma glucose \<5.6 mmol/L and 2-h plasma glucose \<7.8 mmol/L in 75 g oral glucose tolerance test; 3) normal body mass index between 18.5 and 24.9 kg/m^2^; 4) triglycerides \<1.7 mmol/L and high density lipoprotein cholesterol ≥1.04 mmol/L; and 5) systolic pressure \<140 mmHg and diastolic pressure \<90 mmHg. The exclusion criteria were the following: 1) use of medications that may affect glucose metabolism, such as glucocorticoids, thyroid hormones and thiazide diuretics, 1 month before the study; and 2) hepatic or renal dysfunctions (\>1.5-fold elevation of alanine aminotransferase, aspartate aminotransferase or direct bilirubin, or serum creatinine \>115 μmol/L). This study was independently approved by the ethics committee of each participating hospital. All subjects gave written informed consent before study initiation. No medications known to affect glucose tolerance were allowed during the study.

As described in a previous publication \[[@b12-medscimonit-17-1-cr9]\], the CGMS sensor was inserted into all subjects by the same specialist nurse at Day 0 around 8:00--9:00 AM in hospital. The first CGMS calibration by finger-stick BG was performed after 1 hour of initialization. If no abnormal CGMS situation was observed, the subjects was dismissed and they continued with CGM at home for 3 consecutive days. Subjects were instructed to input at least 4 calibration readings per day. At Day 3, around 8:00--9:00 AM, subjects came to the hospital and had the CGMS removed. All subjects completed a 3-day period of glucose monitoring using a continuous glucose monitoring system (CGMS) (Medtronic Inc, Northridge, CA), and 434 subjects had valid CGM data ([Figure 1](#f1-medscimonit-17-1-cr9){ref-type="fig"}). The parameters of glycemic variability included the mean amplitude of glycemic excursions (MAGE) and the standard deviation (SD) of blood glucose readings. MAGE was obtained by measuring the arithmetic mean of the differences between consecutive peaks and nadirs, with measurement in the peak-to-nadir direction; only excursions \>1 SD were considered \[[@b13-medscimonit-17-1-cr9]\]. For SD determination, the standard deviations of a total of 288 values collected during a 24-hour CGM period for each study subject were calculated. For 434 subjects, final values of both MAGE and SD were based on the mean values taken on Day 1 and Day 2. Data are expressed as the mean ±SD, except for skewed variables, which are presented as the median (interquartile range). CGM parameters were analyzed using CGMS Software 3.0. Statistical analyses were performed using SPSS software (version 13.0). Summary statistics were presented as *χmacr;*±*s*. The Wilcoxon rank test was used for inter-group comparisons. Spearman correlation analysis and linear regression analysis were employed for correlation analysis. The Kolmogorv-Smirnov test was used to determine the normality of the derived parameter's distribution within the population.

A subgroup of 20 subjects was used to evaluate the CGMS reproducibility. To balance the sex and age of these 20 subjects, a stratified sample scheme was adopted: subjects were divided into 10 ages by sex strata (i.e., 20--29, 30--39, 40--49, 50--59 and 60--69; male and female). Within each stratum, 2 subjects were randomly selected.

Results
=======

As reported in a previous publication \[[@b12-medscimonit-17-1-cr9]\], a total of 434 healthy subjects (male 213, female 221; age 43±14, 20--69 years old; BMI 21.8±1.7 kg/m^2^, 18.5--24.9 kg/m^2^) completed the study.

MAGE and SD levels in relation to age and sex
---------------------------------------------

Calculated from the 434 healthy subjects, MAGE and SD were 1.73 (1.08) mmol/L and 0.75 (0.42) mmol/L \[median (interquartile range)\], respectively. Spearman correlation analysis indicated a significant positive correlation between MAGE and SD (*r*=0.90, *P*\<0.001). In both men and women, both MAGE (*r*=0.18 and 0.17, respectively, *P*\<0.05) and SD (*r*=0.17 and 0.16, respectively, *P*\<0.05) were weakly positively correlated to age. Generally, the MAGE and SD positively correlated to age after adjustment for 24-MBG (*r*=0.18 and 0.17, respectively, both *P*\<0.05, [Figure 2](#f2-medscimonit-17-1-cr9){ref-type="fig"}). The analysis among different age groups revealed significantly higher values for both MAGE and SD levels in subjects above 60 years age (*P*\<0.05). No significant difference in MAGE or SD value was observed between men and women in any single age group (*P*\>0.05, [Table 1](#t1-medscimonit-17-1-cr9){ref-type="table"}).

Distribution and normal reference values for MAGE and SD
--------------------------------------------------------

MAGE and SD values were not normally distributed (*P*\<0.001). The coefficients of skewness for these parameters were 1.18 and 0.79, respectively ([Figure 3](#f3-medscimonit-17-1-cr9){ref-type="fig"}). The 95^th^ percentile values of 3.86 mmol/L for MAGE and 1.40 mmol/L for SD represent the upper limit of normal ([Table 1](#t1-medscimonit-17-1-cr9){ref-type="table"}).

Reproducibility of CGM evaluation
---------------------------------

Two men and 2 women were randomly selected from each of the 5 age groups (20--29, 30--39, 40--49, 50--59 and 60--69) for the evaluation of reproducibility. A total of 20 subjects with a mean age of 43±16 (range, 22--68) years and body mass index (BMI) of 22.2±1.8 kg/m^2^ underwent a second 3-day CGM evaluation 8--12 weeks after the initial monitoring. The values obtained for the 2 measurements were: 1.70 (0.82) mmol/L vs. 1.78 (0.87) mmol/L (first vs. second monitoring) for MAGE, and 0.75 (0.32) mmol/L vs. 0.82 (0.37) mmol/L \[median (interquartile range)\] (first vs. second monitoring) for SD. No significant difference was observed in MAGE or SD between the first and second monitoring periods (both *P*\>0.05).

Discussion
==========

CGM is an evolving technology that greatly facilitates measurement of glycemic variability \[[@b14-medscimonit-17-1-cr9],[@b15-medscimonit-17-1-cr9]\]. Many different summary statistics have been proposed for accurate assessment of glycemic variability, including SD, coefficient of variation (%CV), interquartile range (IQR), percentage of glucose values within specified ranges, MAGE, M-value, mean of the daily differences (MODD), the average daily risk range (ADRR) \[[@b16-medscimonit-17-1-cr9]\], and continuous overlapping net glycemic action over an n-hour period (CONGA-n) \[[@b17-medscimonit-17-1-cr9]\]. Notwithstanding their apparent diversity, all of these parameters are derived from statistical interconversion and manipulation of sequential blood glucose levels. Accordingly, various assessment parameters for glycemic variability, with different intrinsic characteristics and scopes of applicability, should be selected in specific clinical settings \[[@b18-medscimonit-17-1-cr9]\]. In addition to SD, which is one of the most frequently used measurements of glycemic variability in statistics \[[@b19-medscimonit-17-1-cr9],[@b20-medscimonit-17-1-cr9]\], MAGE obtained from CGM is currently generally regarded as the "gold standard" metric of glycemic variability \[[@b11-medscimonit-17-1-cr9]\]. Many ongoing studies use MAGE to investigate the relationship between glycemic variability in patients with diabetes and oxidative stress, chronic complications and pancreatic islet functions, and to evaluate the impact of treatment regimen on glycemic variability \[[@b2-medscimonit-17-1-cr9]--[@b4-medscimonit-17-1-cr9],[@b21-medscimonit-17-1-cr9],[@b22-medscimonit-17-1-cr9]\]. Therefore, both SD and MAGE were analyzed in the current study.

As seen in the current results, age seemed to have an impact on glucose homeostasis. Glycemic variability increased along with increased age in healthy people. Previous studies showed that insulin secretion decreased with aging in people with normal glucose tolerance (NGT) \[[@b23-medscimonit-17-1-cr9]\]. Moreover, glycemic variability (measured by MAGE) was found to be associated with postprandial beta-cell function in a study by Kohnert et al. \[[@b21-medscimonit-17-1-cr9],[@b22-medscimonit-17-1-cr9]\]. It could therefore be assumed that the deterioration of beta-cell function with aging contributes to the association of age with glycemic variability observed in the current study.

Since the conduct of prospective follow-up studies on glycemic variability remains rather challenging, CGMS data analyses in healthy subjects provide a feasible approach to establish normal reference values for these measurements. The population mean value of MAGE in this study was 1.96 mmol/L, comparable to the previous findings of Monnier et al. \[[@b24-medscimonit-17-1-cr9]\]. They reported that at the mean oxidative stress level (represented as 24-hour 8-isoprostane F2α excretion rate in urine) of 275 pg/mg creatinine, the corresponding glycemic variability (represented as MAGE) was 2.2 mmol/L (40 mg/dl) in healthy subjects. Since distributions for both MAGE and SD values departed from normality, the 95th percentiles of the 2 parameters were used for defining normality in our study, and were set as the upper limits of the normal reference values (MAGE \<3.9 mmol/L and SD \<1.4 mmol/L, respectively). Analyses of the relationship between these parameters and demographic characteristics revealed that MAGE and SD were independent of sex, but increased with age. Both parameters increased significantly when age reached 60 years and older. We also recommend a unified cut-off point for the normal reference values of the 2 parameters for glycemic variability, similar to the normal glucose tolerance cutoff points recommended by ADA or WHO, without regard for age or sex. Further investigations are warranted to verify the normal reference values of the glycemic variability parameters established in this study.

Conclusions
===========

Overall, the current concept of BG management calls for reduction of glycemic variability in patients with diabetes. This requires close monitoring of blood glucose levels with CGM, as well as judicious pharmacotherapy to minimize the risks of both postprandial hyperglycemia and hypoglycemia. The reference values of MAGE and SD parameters established in this study provide the preliminary targets for normalization of glycemic variability. Its clinical application depends on validation in other populations, such as those with different glycemic metabolism. Moreover, the impact of BMI on the MAGE and SD reference values needs further investigation.
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###### 

MAGE and SD levels by gender and age for 434 healthy adults.

  Age (years)                             Men    Women   All                                       
  --------------------------------------- ------ ------- ------ ------ ------ ------ ------ ------ ------
  MAGE (mmol/l)                                                                                    
  Mean                                    1.80   1.99    2.16   1.94   1.84   1.95   2.37   1.97   1.96
  SD                                      0.76   0.90    0.84   0.86   0.87   0.94   1.14   0.96   0.91
  P5                                      0.76   0.83    0.84   0.82   0.97   0.72   0.81   0.84   0.84
  P10                                     0.97   1.04    0.92   1.00   1.06   0.87   1.16   1.01   1.01
  P50                                     1.62   1.74    2.03   1.76   1.60   1.72   2.10   1.68   1.73
  P90                                     2.91   3.28    3.37   3.12   2.79   3.41   3.82   3.49   3.26
  P95                                     3.35   3.60    3.69   3.67   3.73   4.08   4.23   4.01   3.86
  SD of blood glucose readings (mmol/l)                                                            
  Mean                                    0.75   0.79    0.89   0.79   0.76   0.76   0.94   0.79   0.79
  SD                                      0.32   0.33    0.33   0.33   0.29   0.31   0.36   0.32   0.32
  P5                                      0.35   0.30    0.35   0.35   0.40   0.32   0.34   0.36   0.35
  P10                                     0.40   0.40    0.40   0.40   0.45   0.38   0.48   0.45   0.40
  P50                                     0.70   0.75    0.88   0.75   0.70   0.75   0.98   0.75   0.75
  P90                                     1.20   1.29    1.30   1.25   1.15   1.20   1.44   1.29   1.25
  P95                                     1.38   1.44    1.59   1.43   1.30   1.43   1.60   1.40   1.40

MAGE, mean amplitude of glycaemic excursions; P5, P10, P50, P90, and P95 indicate percentile values.
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